In this protocol, we describe a procedure for incorporating ATP-binding cassette (ABC) transporters into large unilamellar vesicles (LUVs) and assays to determine ligand binding and solute translocation by these membrane-reconstituted systems. The reconstitution technique as described has been optimized for ABC transporters but can be readily adapted for other types of transport systems. Purified transporters are inserted into detergent-destabilized preformed liposomes and detergent is subsequently removed by adsorption onto polystyrene beads. Next, Mg-ATP or an ATP-regenerating system is incorporated into the vesicle lumen by one or more cycles of freezing-thawing, followed by extrusion through polycarbonate filters to obtain unilamellar vesicles. Binding and translocation of substrates are measured using isotope-labeled ligands and rapid filtration to separate the proteoliposomes from the surrounding medium. Quantitative information is obtained about dissociation constants (K d ) for ligand binding, number of binding-sites, transport affinities (K m ), rates of transport, and the activities of transporter molecules with opposite orientations in the membrane. The full protocol can be completed within 4-5 d.
INTRODUCTION
The key function of many proteins that reside in the lipid membranes of cells is the transport of solutes. Although some functional properties of transport proteins can be determined using detergent-solubilized protein, the study of its translocation activity has an absolute requirement for a two-compartment system. Apart from transport studies, there might be other incentives to analyze membrane proteins in their membrane-inserted state, as the lipid membrane constitutes the native environment of membrane proteins. Although crude cell membranes may suffice for initial characterization of transport proteins, for more detailed analysis an isolated system is required in which parameters can be varied systematically. The first step for the in vitro analysis of membrane proteins is the insertion of the purified protein in an artificial lipid membrane, a process called membrane reconstitution.
The mild procedure for membrane reconstitution featured here requires the mixing of detergent-solubilized membrane proteins and detergent-treated lipid vesicles. Subsequently, the detergent molecules associated with the protein and the lipids are removed to insert the protein into the vesicle membrane. This can be performed using (i) dilution, (ii) dialysis, (iii) size-exclusion chromatography or (iv) adsorption onto polystyrene beads 1, 2 . The first three methods are mostly limited to the use of detergents with a high critical micellar concentration (CMC) such as n-octylb-D-glucoside. Despite the facile methodology involved in their removal, high CMC detergents are often detrimental for the stability of membrane proteins. To be able to use the milder, low CMC detergents such as n-dodecyl-b-maltoside (DDM) or Triton X-100, membrane reconstitution is most effectively carried out using polystyrene beads to adsorb the detergent 3 .
Here, we describe a reconstitution procedure for the incorporation of ATP-binding cassette (ABC) transport proteins into detergentdestabilized preformed-liposomes 4 , using polystyrene beads to adsorb the detergent (outlined in Fig. 1 ). The method, pioneered by the group of Jean-Louis Rigaud, is a well-controlled process and optimization of the reconstitution procedure is more straightforward than for the other methods. The process starts with exposing preformed and presized lipid vesicles to increasing concentrations of detergent, resulting in an initial swelling of the liposomes that can be followed by determining the turbidity of the suspension (Fig. 2) 5 . At detergent concentrations below the point where the liposomes are fully saturated with detergent (R sat , indicated in Fig. 2 ), the efficiency of inserting protein into the membrane is low 1, [6] [7] [8] . For most membrane proteins, reconstitution has proven to be most efficient at detergent concentrations in small excess of the point of saturation R sat 6, 7, 9 , and consequently, it is this concentration that we recommend for initial trials (see Fig. 2 ). Under these conditions, the insertion of many proteins favors one direction. Other proteins may require liposomes exposed to higher detergent concentrations and optimal reconstitution efficiencies are observed between R sat and the point where the liposomes are fully solubilized, R sol . Although some proteins have a tendency to insert into artificial membranes in a particular orientation regardless of the detergent concentration, reconstitution conditions around R sol most often lead to a random orientation 10, 11 . Once the detergent-solubilized membrane protein has been mixed with the detergent-destabilized liposomes, subsequent controlled, slow removal of detergent (using polystyrene beads) leads to the formation of tightly sealed proteoliposomes. The method can be used with several types of detergents. However, as mixing of the transporter complex with the titrated liposomes exposes the protein to the detergent used to destabilize the liposomes, preferably a mild detergent should be used to prevent destabilization of the protein complex in this phase. The low CMC detergent Triton X-100 is generally a good starting point, as it has proven to be most successful in many cases.
ABC transporters are vital to any living system and are involved in the translocation of a wide variety of substrates ranging from ions, sugars, amino acids, vitamins, lipids, antibiotics and drugs to larger molecules such as oligosaccharides, oligopeptides and even high molecular weight proteins 12, 13 . Irrespective of the direction of transport (import or export), the nature of the transported substrate or its physiological function, all ABC transporters are composed of two hydrophobic transmembrane domains (TMDs) and two water-soluble nucleotidebinding domains (NBDs) bound to the cytosolic face of the TMDs (Fig. 3) . In addition to these core domains, hereafter referred to as the translocator or translocation unit, accessory domains or subunits can be part of the ABC transporter 14 . ABC import systems use as accessory component a substrate-binding protein (SBP) to capture the substrate and deliver it to the translocator. These SBPs can be either soluble 15 or attached to the membrane through a lipid-anchor 16 , a transmembrane peptide 17 or fused to the TMDs and thus an integral part of the translocator 18 (Fig. 3) .
Transport of (radio-labeled) substrates is most easily monitored when the substrate is accumulated into the lumen of artificial vesicles. This leads to opposite preferences for the membraneorientation of ABC import and export systems. Export systems should preferably be inserted inside-out (ISO), allowing them to be energized by supplementing the external medium with ATP. On the contrary, import systems should be incorporated right-side-out (RSO) and ATP should be included in the vesicle lumen. Because ABC transporters operate unidirectionally, a random insertion is not necessarily disadvantageous and can even be beneficial. For instance, for the ABC importer OpuA, the fraction of RSO-oriented complexes was assayed by monitoring solute uptake at the expense of internal ATP. As ATP was gradually depleted and ADP built up inside the vesicle lumen, solute uptake leveled off after some time. Now the fraction of ISO-oriented molecules could be assayed by monitoring solute efflux upon addition of Mg-ATP to the external medium. As the composition of the external medium can be easily modified, this property could be used to determine the ATP/solute stoichiometry 19 , ionic strength dependence 20 and salt requirement of the transporter 21 .
The protocols presented are based on the successful membrane reconstitution and functional analysis of a range of ABC transporters, including importers with soluble SBPs (BtuCD-F 22 ), importers with lipid-anchored SBPs (OppBCDF-A 23, 24 ), importers with SBPs fused to the TMDs (OpuA 25 and GlnPQ 26 ) and exporters (LmrA 27 and BmrA 28 ). The same procedures have also been applied successfully to membrane-reconstitute ion-linked secondary transporters and channel proteins 6, 7, 29 . Although we describe here the use of proteoliposomes to monitor transport and binding of radio-labeled substrates, these proteoliposomes can be also used for other types of assays or serve as a basis for the formation of giant unilamellar vesicles (GUVs) that allow the Liposomes composed of Escherichia coli polar lipids and egg PC in a ratio of 3:1 (wt/wt) were extruded through a 400-nm polycarbonate filter, diluted to 4 mg ml À1 and exposed to increasing Triton X-100 concentrations; the physical state of the membrane was probed by measuring the optical density of the suspension. R sat and R sol refer to the detergent concentration where the membrane is saturated with detergent and fully solubilized, respectively. The middle arrow indicates the suggested point in the titration curve at which the liposomes can be combined with the purified membrane protein to commence the reconstitution procedure. (c) Inclusion of energy source using freeze-thaw cycles and extrusion, the proteoliposomes are charged with ATP or an ATP-regenerating system (ARS). These proteoliposomes can be used for substrate translocation assays (d). Alternatively, proteoliposomes without ATP/ARS can be used for substrate-binding assays (e). characterization of membrane proteins using confocal microscopy, fluorescence correlation spectroscopy and patch clamp. Although these methods and applications are not described here in detail, we provide relevant references and examples.
Experimental design
The procedure presented here assumes the availability of a stable detergent-solubilized ABC transporter complex and, if required, an SBP in ample amounts (0.1-1 mg). The formation of liposomes of defined size from lipid solutions is described. Starting from these basic components, we detail (i) the membrane insertion of the ABC transporter complex; (ii) the optional membrane-association of lipid-anchored SBPs; (iii) the inclusion of Mg-ATP or an ATP-regenerating system into the lumen of the proteoliposomes; (iv) substrate translocation and (v) binding assays for both ABC import and export systems (outlined in Fig. 1 ).
Depending on the specific requirements of the ABC transport system or activity assay, the generic membrane reconstitution protocol presented here might require small modifications. To reconstitute a membrane transporter for ligand-binding or translocation assays, a number of parameters should be considered: (i) the stability of protein complex in the detergent-solubilized state; (ii) the specific lipid requirement of the transporter; and (iii) the protein-to-lipid ratios of the proteoliposomes.
Stability of membrane transporters in the detergent-solubilized state. The success of the membrane reconstitution protocol depends to large extent on the quality of the protein preparation used. ABC transporters form oligomeric complexes, often composed of different subunits. Depending on the system, these complexes may dissociate during the purification step. Functional reassembly of an ABC transporter complex from its purified components has been shown 30 , but this is more the exception than the rule. It is generally recommended to purify the intact complex and use this material for membrane reconstitution.
One critical parameter to consider for the stability of transporter complexes or membrane proteins in general, is the detergent(s) used for solubilization and purification. In most cases, we prefer detergents with an intermediate or low CMC. A good starting point is DDM. The amount of detergent brought into the reconstitution mixture through the protein should be small relative to that needed for destabilization of the liposomes. In this respect, it is important to note that several detergents with a low or medium CMC form relatively large micelles. If concentration of the membrane protein is needed before the reconstitution procedure, this could lead to simultaneous concentration of the protein-free detergent micelles and affect the reconstitution process. However, ABC transporters form large protein-detergent complexes and can be concentrated on membranes with a 100-kDa molecular weight cut-off (MWCO) (e.g., Amicon or Vivaspin 100,000 MWCO concentrators), which allow passage of most detergent micelles [31] [32] [33] . The concentration of protein-free detergent micelles in the concentrated sample can be calculated from the fraction of detergent bound to the protein and the total detergent concentration as determined according to refs. 31,34. Excess of detergent micelles can be removed by careful treatment of the sample with Bio-Beads 35 .
In addition, the integrity of the transporter complex during purification can be enhanced by the addition of stabilizing agents such as glycerol (10-20%), salt (0.1-1 M of KCl or NaCl), phospholipids (0.05-0.2 mg ml À1 ) or specific ligands. By taking advantage of the effect of glycerol on the stability, a procedure to generate heterodimers of an ABC transporter has been developed 36 . Notably, for the ABC transporter Opp, omission of imidazole during the solubilization and purification proved essential to prevent dissociation of the complex 24 . The recording of a UV spectrum from 240 to 340 nm can be used as a first indication of structural integrity. For fully soluble nonaggregated protein samples, the difference in the absorbance at 320 and 340 nm is 0 and the A 280 /A 260 ratio is B1.8. Furthermore, the stability of a membrane transporter complex in a given condition can be monitored using size-exclusion chromatography. The monodispersity of a preparation usually correlates well with the functional competent state.
Synthetic lipids versus total lipid extracts. We routinely reconstitute ABC transporters into mixtures of dioleoyl-phosphatidylethanolamine (DOPE), dioleoyl-phosphatidylglycerol (DOPG) and dioleoyl-phosphatidylcholine (DOPC) 20, 37 . A 1:1:1 or 2:1:1 molar ratio of DOPE, DOPC and DOPC is recommended, as transporters generally require a significant fraction of nonbilayer (e.g., phosphatidylethanolamine) and anionic lipids (e.g., phosphatidylglycerol or phosphatidylserine). An alternative and cheaper lipid source is the Escherichia coli polar lipid extract. We prefer the E. coli polar lipid extract obtained by extraction of the E. coli total lipid extract from Avanti according to Newman and Wilson 38 over the polar lipid extract purified by Avanti. A disadvantage of the Avanti lipid extracts is the batch to batch variation, which might lead to nonreproducible results for membrane proteins that highly depend on the lipid composition.
Protein-to-lipid ratio. For functional studies (ligand binding, solute translocation, confocal microscopy), we routinely incorporate ABC transporter protein complexes into liposomes at proteinto-lipid ratios of 1:20 to 1:200 (wt/wt). For systems, such as OpuA, with a molecular mass of B200 kDa, this corresponds to mol/mol ratios of 1:6,000 to 1:60,000. We have observed significant reductions in the apparent specific transport activities if higher protein-to-lipid ratios (desirable for some biophysical analysis techniques such as attenuated total reflectance-Fourier transform infrared, electron spin resonance and NMR spectroscopy) are used, for example, see ref. 9 . This is most likely caused by a decrease in the efficiency of the reconstitution procedure at these high protein-to-lipid ratios. 42 . As chloroform is volatile, transferring exact volumes can be difficult. In their dried state, unsaturated lipids are sensitive to oxidation. Therefore, proceed to the next steps immediately.
MATERIALS
2| Add 1 ml of diethyl ether to dissolve the lipids, and subsequently dry the lipids in a rotary evaporator at 30 1C for another 30 min to remove the diethyl ether and traces of chloroform.
3| Suspend the dried lipids at room temperature (B20 1C) in 50 mM KP i , pH 7.0, to a final concentration of 20 mg ml À1 . Use a syringe equipped with a long 20-gauge needle that is bent at a 451 angle to reach the sides of the wall of the round-bottomed flask. The suspension should be made homogeneous and without clumps.
4| Sonicate the lipid suspension in six cycles (15 s on/45 s off) at an intensity of 4 mm (peak-to-peak) on ice water under a gentle stream of nitrogen (N 2 ) gas. In this step, small unilamellar vesicles (SUVs) are generated.
5| Flash-freeze the SUV suspension (aliquots of 0.5-1 ml) in liquid N 2 and subsequently slowly thaw at room temperature (B20 min). By piercing the lid of the cup before this step, violent escape of N 2 gas from the cup is prevented.
6| Repeat
Step 5 two times to fuse the SUVs to large multilamellar vesicles (LMVs). ' PAUSE POINT After the third freezing step, LMVs can be stored in liquid N 2 for at least 1 year.
Reconstitution of ABC transporters into detergent destabilized liposomes TIMING 24 h 7| Extrude the LMVs 11 times through a 400-nm polycarbonate filter to form large unilamellar vesicles (LUVs). m CRITICAL STEP Prewash the extruder with 50 mM KP i , pH 7.0. The extruder device is used for small volumes (0.5-1 ml) of liposomes. Make sure the extruder does not leak and that the polycarbonate filter is not damaged by screwing the device too tightly.
The liposome suspension starts off as opaque and becomes translucent after the first extrusion pass. This can be monitored conveniently by holding the syringe up to the light and looking at the syringe graduations through the liposome solution.
8| Dilute the LUVs to 4 mg ml À1 of lipid in 50 mM KP i , pH 7.0. m CRITICAL STEP To stabilize labile detergent-solubilized protein complexes, the LUVs should be diluted with 50 mM KP i , pH 7.0 plus 25% glycerol to reach a final glycerol concentration of 20%. From this point on 20% glycerol should be included in the buffers.
9| Titrate the LUVs with Triton X-100 at room temperature until R sat is reached; use 10 ml aliquots of 10% (wt/vol) Triton X-100 stock solution per 5 ml LUV suspension of 4 mg ml À1 . To mix the suspension, invert the tube gently. Allow the Triton X-100/LUV suspensions to equilibrate shortly (B30 s) between each addition (Box 1). Monitor the destabilization of the liposomes by measuring the optical density of the suspension at 540 nm (Fig. 2) . For most lipid compositions, R sat is reached after B10 additions of Triton X-100.
10| Add another 5 aliquots of 10% (wt/vol) Triton X-100.
11|
Combine the purified membrane protein with the detergent-destabilized liposomes. For 1:100 (wt/wt) protein-to-lipid reconstitutions, add 0.2 ml of purified protein (1 mg ml À1 stock solution in buffer A plus 0.05% (wt/vol) DDM) to 5 ml of detergent-destabilized liposomes; incubate for 15 min at room temperature with gentle agitation. 
BOX 1 | TRITON X-100 VERSUS OTHER DETERGENTS FOR MEMBRANE RECONSTITUTION
Although Triton X-100 is not the detergent of choice for protein chemical or biophysical studies (high absorbance in the UV, polydisperse), it has been frequently observed that Triton X-100 is more efficient than other detergents in mediating membrane reconstitution using solute translocation activity as the criterion for reconstitution efficiency. Also, it takes much less time to equilibrate preformed liposomes [large unilamellar vesicles (LUVs)] with Triton X-100 than, for instance, n-dodecyl-b-maltoside (DDM) 45 . Purification of the ABC transporters is not performed in Triton X-100, rather DDM or another mild detergent is used in any step before the membrane reconstitution. 16| Remove Bio-Beads SM-2 by filtration over sintered glass in disposable polyprep columns; the proteoliposomes end up in the eluate.
17| Wash the Bio-Beads SM-2 with 50 mM KP i , pH 7.0, and, if glycerol was included during the reconstitution, dilute the proteoliposomes tenfold to lower the glycerol concentration to 2%. 
BOX 2 | CONVERSION OF LUVS TO GUVS
The large unilamellar vesicles (LUVs) obtained with the protocol (Steps 1-19 or 1-27) can be converted into giant unilamellar vesicles (GUVs) 46 . Briefly, proteoliposomes prepared in volatile buffer (50 mM NH 4 HCO 3 , pH 8.0) supplemented with sucrose (see below) are dried overnight under vacuum at 4 1C on UV-ozone cleaned glass or indium-tinoxide (ITO)-coated cover slips. UV-ozone cleaning is not essential for GUV formation but increases the wetting properties of the cover slip surface, making it easier to dry liposomes from aqueous solution. Sucrose is added at 100 mg per g of lipid to stabilize the proteins during dehydration; sucrose most likely interacts through hydrogen bonding with the proteins and prohibits lipid phase transitions from liquid crystalline to gel phase (during dehydration) and gel to liquid crystalline phase (during subsequent rehydration). Rehydration is done by adding 0.5 ml 10 mM KP i , pH 7.0, at room temperature. Optionally, 10 mM MgCl 2 is added or electroformation (using ITO-coated cover slips) is performed when using neutral lipids only 47 . GUV formation is monitored by fluorescence microscopy. The GUVs are used in confocal microscopy and fluorescence correlation spectroscopy (lipid and protein mobility, protein-protein interactions) and patch clamp (electrical recording of ion translocation) studies.
BOX 3 | DIAMETER AND INTERNAL VOLUME OF (PROTEO)LIPOSOMES
Apart from the pore diameter of the polycarbonate filters used for the extrusion procedure, the size of the resulting liposomes depends on other factors such as the number of filter passes 48 , the lipid composition 49 and the buffer used 50 24| Add an additional 400 mg of Bio-Beads SM-2 per 5 ml of protein-liposome suspension; incubate for 60 min at 4 1C with gentle agitation.
25| Remove Bio-Beads SM-2 by filtration over sintered glass in polyprep columns; the (proteo)liposomes with lipid-anchored SBP end up in the eluate. 32| Dilute the proteoliposomes with medium isotonic to the luminal content. For a luminal composition of 50 mM KP i , pH 7.0 plus 10 mM Mg-ATP, an external medium of 80 mM KP i , pH 7.0 is used. For 50 mM KP i , pH 7.0 plus 1Â ARS, an external buffer of 100 mM KP i , pH 7.0 is used.
33|
Collect the proteoliposomes by centrifugation at 4 1C (20 min at 267,000g at r av ) and suspend the pellet in isotonic media (see Step 32) .
34|
Remove external Mg-ATP/ARS by centrifuging the suspension at 4 1C (20 min at 267,000g at r av ) and suspend the proteoliposomes to 80 mg lipid ml À1 in isotonic media (keep the concentrated suspension on ice).
35| Dilute the proteoliposomes to 5 mg lipid ml À1 in isotonic media (see Step 32) . For ABC transporters that are osmotically activated, additional salt or sugar should be added to the medium. For ABC import systems that require a soluble SBP, the latter should be added to the medium.
36| Preincubate the diluted proteoliposomes at 30 1C in a water bath for 2 min. Use a gently rotating magnetic stirrer bar to mix the suspension throughout the assay.
37| Add isotopically labeled substrate to a final concentration of 0.1-100 mM; typically B100,000 counts per minute per 40 ml sample. Unlabeled substrate can be mixed with radio-labeled substrate if higher substrate concentrations are required.
38| At given time intervals (e.g., 15, 30, 60, 120 and 240 s), take a 40 ml sample and dilute with 2 ml of ice-cold medium, in composition and molarity equal to the assay medium (Steps 32 and 35).
39| Immediately filter the samples by pouring the solution on top of a prewetted 0.45 mm pore size cellulose nitrate filter under high vacuum, using a Manifold vacuum filtration device. Filtration should be completed within 5 s. m CRITICAL STEP Most likely due to electrostatic interactions, proteoliposomes containing charged lipids are retained quantitatively (495%) on cellulose nitrate filters, even when the vesicles are smaller than the pore size of the filters (0.45 mm for BA85 filters). Cationic ligands such as bradykinin and other peptides, on the other hand, strongly bind to cellulose nitrate and neutral cellulose acetate filters (OE66; pore diameter of 0.2 mm) should be used instead. Retention of small proteoliposomes on cellulose acetate filters is not quantitative; it can be enhanced by adding the appropriate antibody (Ab) before the dilution with ice-cold medium supplemented with 8% (wt/vol) PEG 6000 (ref. 40| Wash the filter with 2 ml ice-cold buffer.
41| Dry the filters for 2 h at 37 1C.
42| Dissolve the filters in 2 ml of scintillation liquid.
43| Determine the radioactivity on the filters by liquid scintillation counting. For solute export assays with ABC import systems, continue with Steps 44-46. For ligand-binding assays, continue with Steps 50-59. m CRITICAL STEP Take zero time points and/or blank samples (liposomes without protein) and subtract the 'zero' values from the apparent uptake values. Determine the specific radioactivity of the medium (counts per minute per volume;
Step 37) to relate the radioactivity count to the substrate concentration. ? TROUBLESHOOTING Solute export assay for ABC import systems TIMING 4 h 44| The activity of the ABC import systems reconstituted in the inside-out orientation can be assayed by monitoring the efflux of pre-accumulated substrate, using proteoliposomes with Mg-ATP in the lumen. Follow Steps 31-37 and incubate the proteoliposomes with the externally added radio-labeled ligand until the uptake of the substrate has leveled off (as determined in separate measurements, Steps 31-43).
45| Initiate export of the radio-labeled ligand by the addition of 10 mM Mg-ATP, take 40 ml samples at given time intervals and dilute with 2 ml ice-cold isotonic medium without Mg-ATP (Step 38). 54| After 1 min of incubation, take two or more 40 ml samples and dilute each with 2 ml of ice-cold 50% (wt/vol) ammonium sulfate. m CRITICAL STEP To prevent co-precipitation of ligands like peptides, for example, the nonapeptide [ 3 H]-bradykinin, ice-cold 8% (wt/vol) PEG 6000 is used instead of ammonium sulfate (Steps 54 and 56).
55| Immediately filter the samples by pouring the solution on top of a prewetted 0.45 mm pore size cellulose nitrate filter under high vacuum, using a Manifold vacuum filtration device. m CRITICAL STEP See
Step 39 for the type of filter to be used.
56| Wash the filters with 2 ml of ice-cold 50% (wt/vol) ammonium sulfate.
57| Dry the filters for 2 h at 37 1C.
58| Dissolve the filters in 2 ml scintillation liquid.
59| Determine the radioactivity on the filters by liquid scintillation counting. 1. The purified ABC transporter complex is not sufficiently stable in the detergent-solubilized state. The stability and monodispersity of a membrane transporter preparation can be determined using size-exclusion chromatography. The stability of the complex throughout the purification procedure might be improved by switching to a different detergent and/or the inclusion of glycerol (10-20%), salt (0.1-1 M KCl/NaCl) or lipids (0.05-0.2 mg ml À1 ). 2. The ABC transporter complex has dissociated during the reconstitution procedure. This can be verified by analyzing the proteoliposomes by SDS-PAGE; for electrophoresis of membrane reconstituted protein, the SDS concentration in the sample buffer needs to be increased to 4% (wt/vol). Critical steps to prevent complex dissociation are mentioned throughout the protocol. 3. The ABC transporter complex has inserted unidirectionally, in either the inside-out or right-side-out orientation, which might not be compatible with the transport assay. The orientation of the complex can be scrambled by performing five freeze-thaw cycles. 4. The lipid composition of the liposomes does not meet the requirement of the ABC transporter complex. Use a less-defined mixture, for example, E. coli polar lipid extract, but preferably a lipid extract from the native organism. 5. The removal of the detergent was incomplete, resulting in permeable, leaky vesicles in which (substrate) gradients cannot be stably maintained. Although the total quantity of Bio-Beads suggested in the protocol presents a large overcapacity for binding of most, if not all, detergents, the capacity or rate of detergent binding of the Bio-Beads might be compromised. Prepare a fresh batch of Bio-Beads and/or increase the incubation time and size of the final Bio-Beads addition. 6. No or few ABC transporter complexes have been incorporated into the liposomes. Analysis of the proteoliposomes by SDS-PAGE might provide an indication whether this is the case, but this method does not discriminate between protein complexes peripherally associated with or inserted into the lipid membrane. Freeze-fracture electron microscopy is the method of choice to determine whether the proteins are fully bilayer-embedded. Parameters that should be systematically varied to improve the reconstitution efficiency are the protein-to-lipid ratio, the type of detergent used to titrate the liposomes, the stage of solubilization of the liposomes before addition of the protein, the rate of detergent removal during the reconstitution procedure (can be manipulated by varying the size of the Bio-Beads additions). Ultimately, detergent removal by dilution (fast), dialysis or gel-filtration should be considered 1,2 .
Problem: If little or no solute translocation is observed in Step 43, consider the following option: Possible reasons and solutions: The ABC transporter complex has a high basal ATPase activity, resulting in depletion of ATP in the lumen of the vesicles. This might be verified by performing an ATPase assay using the ATPLite-M system (Packard; see ref. 19 ). Depletion of ATP in the vesicles lumen might be prevented using the ATP-regenerating system and performing all steps starting from the inclusion of the ARS at 4 1C.
Problem: If a high radioactivity count is measured that does not vary in time at Steps 43, 46 or 49, consider the following options: Reasons and solutions: 1. The radio-labeled substrate might bind strongly to the filter. This might be prevented by soaking the filters before use in high concentrations of the unlabeled substrate or replacing the cellulose nitrate filters by cellulose acetate filters. 2. The radio-labeled substrate might bind strongly to the membrane-associated SBP. When binding is tight and high levels of SBP are used, this may mask the uptake reaction. Radio-labeled substrate bound to the SBP can be chased by including a large excess (1-5 mM, final concentration) of unlabeled substrate in the ice-cold stop buffer. Because ABC transporters operate unidirectionally, accumulated substrate will not be chased. Figure 4a (open circles). In these experiments, a constant amount of [ 3 H]-Gly betaine [4.88 pmol; 381 nCi (14.1 kBq) per 40 ml, yielding a total radioactivity count of B300,000 c.p.m.] was used. The Gly betaine concentration was varied by mixing the [ 3 H]-Gly betaine with varying amounts of unlabeled Gly betaine. Blank samples were taken by omitting the proteoliposomes from the incubation medium and using empty liposomes instead ( Fig. 4a; closed circles). The processed data, subtraction of blank values and expression of bound Gly betaine in pmol mg À1 of OpuA, are shown in Supplementary Figure 1a online.
Typical [ 14 C]-Gly betaine uptake curves are shown in Figure 4b . Transport of Gly betaine by OpuA is stimulated when the internal ionic strength reaches threshold levels, which can be elicited by an osmotic upshift 20 . Uptake under iso-osmotic (open circles) and hyperosmotic conditions (plus 250 mM KCl; open squares) are shown (the inset shows the linearity of uptake in the first 90 s). Also depicted in the figure are data from blank samples, using the proteoliposomes without ARS inside and prepared for the ligand-binding studies (closed circles). In these experiments, [ 14 C]-Gly betaine was added to a final concentration of 42.5 mM and activities of 100 nCi (3,70 kBq) per 40 ml sample, corresponding to a total radioactivity count of B200,000 c.p.m.). The processed data, subtraction of blank values and expression of transported Gly betaine in nmol mg À1 of OpuA, are shown in Supplementary Figure 1b online. ABC transporters of the OTCN and PAO family most often have the SBP fused to the TMD 14, 18 and the substrate-binding domains are thus co-reconstituted in Steps 1-6. For OpuA, we observed that five cycles of flash-freezing in liquid N 2 and slow thawing at room temperature, followed by extrusion of the vesicles through 200-nm polycarbonate filters, yields proteoliposomes in which approximately half of the molecules have the RSO and the other half the ISO orientation 21 . If 10 mM of Mg-ATP is incorporated in the vesicle lumen, then uptake through RSO-inserted OpuA halts after B10 min owing to depletion of ATP and build-up of ADP (strong competitive inhibitor of the ATPase of ABC transporters). If Mg-ATP is now added to the external medium, one observes efflux of pre-accumulated [ 14 C]-Gly betaine as a result of activation of ISO-inserted OpuA ( Supplementary Fig. 2 online) . The analysis of oppositely oriented OpuA molecules in one and the same vesicle preparation has allowed us to dissect for instance the sidedness of ionic regulation and lipid dependence 21 and to determine the ATP/solute stoichiometry 19 , which would be difficult otherwise. In principle, this approach is also possible for ABC importers with soluble and lipid-anchored SBPs and ABC exporters but may require some fine-tuning of the reconstitution steps. 
